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Background:
The emergence and spread of HIV-1 drug resistance may compromise HIV control globally. In response to HIV/AIDS epidemic, China launched national HIV/AIDS treatment program in 2003, and started to accumulate drug resistance data since 2001. In this study we aimed to assess the level, trend and distribution of HIV-1 drug resistance during a period of 17 years from 2001 to 2017, and to characterize crucial drug resistance mutations. Methods: We systematically reviewed 4737 studies published between January 1, 2001 and March 31, 2019 in PubMed, Embase, China National Knowledge Infrastructure (CNKI), WanFang Database, Web of Science, conference abstracts from the Chinese Medical Association and the Chinese AIDS Academic Conferences, and selected 170 studies that met our study criteria. To assess the prevalence of drug resistance in whole country or a local region, we performed pooled analyses of raw data. The transformed proportions were pooled using the inverse variance fixed effects methods or the DerSimonian-Laired random effects methods. The temporal trend of transmitted drug resistance (TDR) was determined using generalized additive model implemented in the Mgcv version 1.8 package. HIV-1 genotypic resistance was analyzed using the Stanford HIVdb algorithm. Findings: We assembled 218 datasets from 170 selected studies (129 in Chinese and 41 in English), covering 21,451 ART-naïve and 30,475 ART-treated individuals with HIV-1 infection. The pooled prevalence of TDR was 3.0% (95%CI: 2.8À3.2), including 0.7% (95%CI: 0.4À1.0), 1.4% (95%CI: 1.3À1.6) and 0.5% (95%CI: 0.4À0.6) for nucleoside reverse transcriptase inhibitor (NRTI), non-NRTI (NNRTI) and protease inhibitor (PI) resistance, respectively. The acquired drug resistance (ADR) prevalence was 44.7% (95%CI: 39.3À50.2), including 31.4% (95%CI: 28.2À34.6), 39.5% (95%CI: 35.6À43.5) and 1.0% (95%CI: 0.8À1.2) for NRTI, NNRTI and PI resistance, respectively. TDR and ADR prevalence had characteristic regional patterns. The worst prevalence of drug resistance occurred in Central China, and higher ADR prevalence occurred in South China than North China. TDR in whole country has risen since 2012, and this rise was driven mainly by NNRTI resistance. One NRTI-associated (M184V/I) and three NNRTI-associated (K103N/S, Y181C/I and G190A/S) mutations had high percentages in ART-naïve and ARTtreated individuals, and these mutations conferred high-level resistance to 3TC, EFV and/or NVP. Interpretation: These findings suggest that the current available first-line ART regimens containing 3TC and/ or EFV or NVP need to be revised. In addition, scale-up of multiple viral load measurements per year and drug resistance testing prior to ART initiation are recommended. Furthermore, implementation of pre-treatment education and counseling to improve patient adherence to ART is encouraged. 
Introduction
HIV/AIDS epidemic still remains a huge public health burden especially to low-income and middle-income countries (LMICs) [1] . In response to the global HIV/AIDS epidemic, WHO and UNAIDS launched in 2014 the "90À90À90" target to be achieved by 2020 [2] , and set a global goal in 2016 to end the AIDS epidemic as a public health threat by 2030 [1] . The AIDS epidemic in China started among injection drug users (IDUs) in southwestern region (e.g., Yunnan province) of China in 1989 [3, 4] . Since the mid-1990s, the large HIV/AIDS outbreak among former plasma donors (FPDs) in Central China (e.g., Henan province) and the rapid spread of HIV-1 infections to most provinces of the country raised the public attention and concern from the Chinese government. In response to the national HIV/AIDS epidemic, the Chinese government initiated the "Four Frees and One Care" policy to fight against HIV/AIDS in 2003, more than ten years earlier than the announcement of the "90À90À90" target by WHO and UNAIDS [4, 5] . The policy includes 4 "Frees" (i. Free treatment, ii. Free voluntary counseling and testing, iii. Free prevention of mother to child transmission (MTCT), and, iv. Free schooling for AIDS orphans) and one "Care" (provision of social relief for AIDS patients) [4] . The costs were paid by government. By Oct. 30, 2019, the scale-up of antiretroviral therapy (ART) for the treatment of HIV/ AIDS had reached 829,628 individuals, accounting for 86.6% of 958,000 estimated HIV-1 infections in China [6] . As a country with the largest population, the Chinese efforts on the prevention and control of HIV/ AIDS are contributing substantially to the global goal of ending the AIDS epidemic as a public health threat by 2030.
ART is the most effective tool to prevent and control HIV/AIDS pandemic in the absence of an effective AIDS vaccine [7] . The national scale-up of ART for the treatment of HIV/AIDS has markedly reduced HIV/AIDS-related mortality from 39.3% in 2002 to 14.2% in 2009 in China [8] . However, long-term ART brought about a huge concern on the emergence of HIV-1 drug resistance [9] . Data showed that about 4.6%À57.1% of patients receiving first-line ART regimens in China had virological failure (VF: defined as having viral load >1000 copies/ml) after 12 months of treatment, and 39À%81.3% of the patients with VF carried drug-resistant HIV-1 variants, resulting in a primary drug resistance rate of 3.1À%47.1% [10À15] . Because there are only a few free antiretroviral drugs (7 free drugs since 2014) for first-line and second-line ART regimens in China (Appendix 1), and HIV-1 genetic diversity is becoming more complex, increased prevalence of acquired HIV-1 drug resistance (ADR) and consequential transmission of drug-resistant virus to newly infected people have further increased the VF rate at a national level [16] .
Some previous studies showed that the rates of VF and drug resistance varied in different cohorts and different provinces and regions of China, with the worst situation being observed in Henan province [10À13,17] . However, prevalence trend and pattern of HIV-1 drug resistance in treated and untreated individuals with HIV-1 are rarely systematically assessed at the national level since the rollout of ART in China in 2003. In this study, we aimed to comprehensively assess the levels, molecular epidemiological trends, and distributions of both ADR and transmitted drug resistance (TDR) by a meta-analysis. Additionally, we characterized the crucial drug resistance mutations that are responsible for ADR and TDR in different regions.
Methods
Search strategy and selection criteria
This study is a meta-analysis that systematically reviewed the regional and temporal trends of HIV-1 drug resistance among ARTnaïve and ART-treated adult patients in China (Fig. 1) . We conducted the research and reported the findings in line with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses Statement (Appendix 2) [18] . We searched for studies published between Jan. 1, 2001 to Mar. 31, 2019 in PubMed (Appendix 3), Embase, China National Knowledge Infrastructure (CNKI), WanFang Database, Web of Science, and conference abstracts from the Chinese Medical Association and the Chinese AIDS Academic Conferences. The searches were restricted to studies in English and Chinese using the search terms ("HIV" OR "AIDS") AND "antiretroviral therapy" AND ("transmitted drug resistance" OR "naïve" OR "acquired drug resistance" OR "prevalence analysis" OR "infectious diseases surveillance") AND "China". We included studies of HIV-1-infected adults (aged >14 years) who were eligible for initiation of the first-line ART in China. The studies that used the WHO-recommended methods to assess resistance in ART-naïve patients and reported at least twenty HIV-1 pol sequences were included. We excluded studies focusing on non-Chinese patients, mother-to-child transmission patients, and co-infected patients. The studies that did not report detailed ART status (receiving or not receiving), information on drug resistance and/or geographical origin were excluded. The review papers and conference abstracts were also excluded from the analysis. We did not contact study authors for publically unavailable data.
Two reviewers LZ and HL individually assessed study quality and eligibility, and performed data extraction. Study quality was assessed according to the optimal Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) tool [19, 20] (Appendix 4). Any discrepancies were decided by LZ. The following data were extracted: the
Research in context
Evidence before this study
We searched PubMed/Medline and Chinese literature databases up until March 31, 2019 for meta-analysis papers on HIV-1 drug resistance in China using the search terms used are ("HIV" OR "human immunodeficiency virus" OR "AIDS" OR "acquired immunodeficiency syndrome"), AND ("drug resistance" OR "drug resistant") AND "China" AND "meta-analysis". Six meta-analysis papers that contained original studies conducted before 2014 were found. This paper is the most comprehensive systematic review and meta-analysis that contained 170 original studies (129 in Chinese and 41 in English) and covered the data from 2001 to 2017.
Added value of this study
We present the overall prevalence of acquired (ADR) and transmitted (TDR) drug resistances in China, as well as the national trend of TDR from 2001 to 2017, and report the region-specific prevalence pattern of HIV-1 drug resistance in China. In addition, we report high percentages of one NRTI (M184V/I) and three NNRTI (K103N/S, Y181C/I and G190A/S) mutations in ART-naïve and ART-treated individuals, which confer high-level resistance to 3TC, EFV and/or NVP. The results provide firsthand information for non-Chinese researchers to include China data into the estimate of global prevalence trend and evolution of HIV-1 drug resistance.
Implications of all available evidence
Region-specific prevalence of HIV-1 drug resistance and SDRM profile provide new insights into the design of region-specific first-line and second-line ART regimens. Increased prevalence of HIV-1 drug resistance suggests that a number of strategies, including scale-up of multiple viral load measurements per year, optimization of ART regimens, and early counseling and pre-treatment education to improve ART adherence should be implemented in China in order to achieve the WHO's third 90% goal by 2020 and to eliminate AIDS epidemic by 2030.
information of geographical origin (e.g., province and city), sampling year, receiving or non-receiving ART, duration of ART, risk group, transmission route, study type, CD4 + cell count, viral load (VL), numbers of patients with and without any surveillance drug resistance mutation (SDRM), nucleoside reverse transcriptase inhibitor (NRTI) mutations, non-nucleoside reverse transcriptase inhibitor (NNRTI) mutations, and protease inhibitor (PI) mutations.
Statistical analysis
To investigate the prevalence of TDR and ADR in different geographical regions of China and characterize the trend of TDR over time, we grouped the patients according to drug resistance types (i.e., NRTI, NNRTI and PI), sampling years and geographical locations. Based on the website of the Area Division Department, Ministry of Civil Affairs of China (http:// www.xzqh.org.cn/), China contains seven major regions: North (Beijing, Hebei, Inner Mongolia, Shanxi, and Tianjin provinces/municipalities/ autonomous region), East (Anhui, Fujian, Jiangsu, Jiangxi, Shanghai, Shandong, and Zhejiang provinces/municipality), Central (Henan, Hubei, and Hunan provinces), Northwest (Gansu, Qinghai, Ningxia, Shaanxi, and Xinjiang provinces/autonomous regions), South (Guangdong, Guangxi, and Hainan provinces), Southwest (Chongqing, Guizhou, Sichuan, Tibet, and Yunnan provinces/municipality/autonomous region), and Northeast China (Heilongjiang, Jilin, and Liaoning provinces) (Appendix 5). To assess the prevalence of drug resistance, we estimated pooled proportions of sequences with any SDRM (r) in all sequences (n). For studies including sequences with no mutation, the proportion was estimated as: 1 Ä (4 £ n). To minimize the variance of drug resistance rate across selected studies, the rate was transformed using the Freeman-Turkey double arcsine square root transformation [21] .
The heterogeneity between studies was assessed using the Isquared statistic of the meta-analysis [22] . Because relatively few datasets were available for certain regions, and high heterogeneity was observed in the seven major regions, we performed further subgroup analysis according to North, South and Central China (Fig. 2) . North China covers North, Northeast, and Northwest China. South China covers East, South, and Southwest China. We also performed subgroup analyses according to languages of studies and the duration time of ART to assess potential causes of heterogeneity (Appendix 6À8). We pooled the transformed proportions using the inverse variance fixed effects methods if I-squared <75%, or the DerSimonianLaired random effects methods if I-squared >75% [22] . We also assessed publication bias using Egger test (Appendix 9À10). Metaanalysis was performed using Stata version 14.1. To assess the temporal trend of HIV-1 drug resistance prevalence in ART-naïve individuals in China or a specified region, we used generalized additive model (GAM) implemented in the Mgcv version 1.8 package to fit the trend data. The correlations between drug resistance and various characteristics (e.g., subtypes and regions) were performed using SPSS Statistics 23.0. The nonparametric comparison was performed using the KruskalÀWallis method. Other comparisons were made using Chi squared test with Yates' correction or Fisher's exact test.
Sequence analyses
To analyze HIV-1 SDRMs, we downloaded all available HIV-1 pol sequences in China from HIV database (https://www.hiv.lanl.gov) with a choice of "YES" or "NO" using advanced search term "drug naïve". The mutations were determined according to the 2009 WHO SDRM list using the online tool (http://cpr.stanford.edu/cpr.cgi) [23] . HIV-1 genotypic resistance of each sequence with one or more SDRMs to antiretroviral drugs was analyzed using the HIVDB genotypic resistance interpretation system (HIVdb version 8.9:https://hivdb.stanford.edu/ hivdb/by-mutations/) [24] . The percentage of a mutation was estimated by calculating its proportion after pooling the numbers of the sequences with this mutation and those with any SDRM.
Role of the funding source
The funders of the study had no role in study design, data collection, data analysis, data interpretation, and writing of the report.
Results
We initially identified 4737 study records from 5 electronic databases according to our search strategy. After removing records not meeting our eligibility criteria, 218 datasets from 170 studies (129 in Chinese and 41 in English) were subjected to our meta-analysis ( 
Estimated prevalence of HIV-1 drug resistance in China
The pooled TDR prevalence in China was 3.0% (95%CI: 2.8À3.2), including 0.7% (95%CI: 0.4À1.0) NRTI, 1.4% (95%CI: 1.3À1.6) NNRTI and 0.5% (95%CI: 0.4À0.6) PI resistance (Fig. 2) . The ADR prevalence was 44.7% (95%CI: 39.3À50.2), including 31.4% (95%CI: 28.2À34.6) NRTI, 39.5% (95%CI: 35.6À43.5) NNRTI and 1.0% (95%CI: 0.8À1.2) PI resistance ( Fig. 2) . It was not surprising that the TDR prevalence was substantially lower than ADR prevalence, and NNRTI resistance was more prevalent than NRTI resistance. To avoid publication bias (Appendix 9 and 10), we re-calculated the national prevalence of drug resistance by re-analyzing all the raw data from included studies. The re-estimated prevalence of TDR and ADR was 4.5% and 35.9%, respectively, slightly different from model-estimated prevalence (4.5% vs. 3.8% for TDR, and 35.9% vs. 44.7% for ADR).
The spread of HIV-1 in China was generally from South to North [25, 26] . Furthermore, a unique HIV/AIDS epidemic occurred mainly among FPDs in Central China [27] . To estimate the regional prevalence of HIV-1 drug resistance, we analyzed the data from Central, North and South China. The TDR prevalence had I-squared values of 42.3%À77.2% for three main regions, indicating a low degree of heterogeneity (Appendix 11À14). The pooled TDR prevalence was 4.5% (95%CI: 4.0À5.0), 5.1% (95%CI: 4.1À6.1) and 2.4% (95%CI: 2.1À2.7) in North, Central and South China, respectively (Fig. 2) . A relatively high degree of heterogeneity was observed for ADR with I-squared values of 99.5%À99.8% in three main regions (Appendix 15À18). The pooled ADR prevalence was 30.8% (95%CI: 20.1À41.5), 47.5% (95%CI: 34.2À60.8) and 47.7% (95%CI: 40.4À55.1) in North, Central and South China, respectively (Fig. 2) . Central China had the highest drug resistance prevalence regardless of TDR or ADR. North China appeared to have higher prevalence of TDR but lower ADR than South China (Fig. 2) . Of particular importance is that PI resistance had a prevalence rate of 1.5% in ART-naïve HIV-1 infected individuals, similar to 1.7% in ART-treated individuals.
The difference in geographic prevalence of drug resistance was observed between Central China and other regions, as well as between South and North China. Similar trend of HIV-1 drug resistance prevalence in geographic regions was also observed when seven main regions of China were taken into account (Appendix 5).
Temporal trend of HIV-1 drug resistance prevalence in ART-naïve individuals in China
China has an overall rising trend of HIV-1 drug resistance in ARTnaïve individuals from 2001 to 2017 (Fig. 3) . A slow decrease of TDR from 4.75% to 3.75% was observed during 2001À2011, followed by a rapid increase from 3.75% in 2012 to 6.25% in 2017. The trend of resistance to NNRTI decreased from 2.25% in 2001 to 1.75% in 2012, and then increased from 1.75% in 2012 to 5.0% in 2017; whereas the trends of NRTI and PI remained stable. The trend of NNRTI resistance was well consistent with the overall trend of HIV-1 drug resistance, indicating that HIV-1 drug resistance was mainly driven by NNRTI resistance.
The prevalence of three classes of drug resistance in ART-naïve individuals appeared to be more serious and fluctuant in Central China than in South and North China ( Fig. 3 and Appendix 19). In Central China, TDR showed a rising prevalence trend from 2001 to 2017. The dynamics showed a rapid decrease from 9.0% in 2001 to 4.0% in 2007, followed by a steep increase from 4.0% in 2007 to 17.75% in 2017 at an average growth of 1.4% per year. The prevalence trends of NNRTI and NRTI resistances were similar to the overall pattern that had a first decrease and then an increase. A difference was that the prevalence of PI resistance was relatively stable from 2005 to 2017 with a small peak (2.75%) occurring in 2011. In South China, HIV-1 drug resistance showed a rising trend from 2001 to 2017 with an episode of decrease from 2007 to 2012 (Fig. 3) . In North China, the overall prevalence of HIV-1 drug resistance remained fairly stable from 2001 to 2017 (Fig. 3) . The prevalence of NNRTI appeared to slowly increase from 0.5% in 2001 to 3.0% in 2017, accompanied by a slow decrease in PI resistance from 3.75% to 1.75%.
HIV-1 SDRMs in China
Having described the overall prevalence of HIV-1 drug resistance, we went on to examine which mutations contributed to drug resistance. From HIV database (https://www.hiv.lanl.gov), we downloaded 9010 available HIV-1 pol sequences from China, including 8439 and 571 sequences from ART-naïve and ART-treated individuals, respectively. There were 293 (3.5%) and 158 (27.7%) sequences carrying at least one SDRM to be identified from ART-naïve and ART-treated individuals, respectively. The SDRM profile appeared to be very different between ART-naïve and ART-treated individuals at the national level, especially for PI mutations (Fig. 4) . In spite of this, the most common NRTI and NNRTI mutations observed in ART-naïve and ART-treated individuals were well consistent. The top NRTI mutations identified in ART-naïve and ARTtreated individuals were M184V/I (16.3% and 41.8%) and T215I/Y/S/D/F (20.9% and 9.5%), and the top NNRTI mutations were K103N/S (18.7% and 40.5%), Y181C/I (14.0% and 22.2%), and G190A/S (9.5% and 22.2%, respectively). Furthermore, we found a very high proportion (29.4%) of PI mutation M46I/L in ART-naïve individuals, significantly higher than that in ART-treated individuals (1.3%) (Fig. 4) . The most commonly observed SDRM are involved in HIV-1 resistance to 10 antiretroviral drugs (including NRTIs, NNRTIs and PIs) available in China, including 5 free drugs (i.e., AZT, 3TC, EFV, NVP and LPV/r) used in first-and/or second-line regimens (Fig. 4 and Appendix 1).
The SDRM profile (especially several most commonly observed SDRMs) varied largely in different regions of China (Fig. 4) . Although the SDRM profiles in North and South China were similar to each other and to the national ones, lower percentages of NRTI and NNRTI mutations were observed in ART-naïve individuals in South China than in North China. Another difference was that a very high proportion of M184V/I (NRTI mutation) occurred in ART-treated individuals in South China (66.0%), higher than that in North China (42.4%). Dramatically distinct from other regions, Central China had a unique mutation profile. The two most commonly observed SDRMs M184V/I (NRTI) and M46I/L (PI) in North and South China were rarely found in Central China (Fig. 4) . Importantly, a very high percentage of K103N/S (18.71%) was observed in ARTnaïve, but rarely seen in ART-treated individuals in Central China. In contrast, a high percentage of this mutation occurred in ART-treated but rarely observed in ART-naïve individuals in other regions. Furthermore, a higher percentage of V106A/M (13.29%) in ART-treated individuals was observed in Central China than other regions.
Drug sensitivity of sequences with SDRMs
We further analyzed the resistance levels of sequences with any SDRM to 13 NRTI, NNRTI and PI drugs available in China (Fig. 5) . In ARTnaïve individuals, the proportion of sequences with any SDRM ranged from 2.7% (TDF) to 17.1% (3TC/FTC) for seven NRTI drugs, from 3.75% (ETR) to 42.7% (NVP) for five NNRTI drugs, and 0.7% (LPV/r) to 3.8% (NFV) for PI drugs (Fig. 5(a) ). Although TDR-associated SDRM profile to antiretroviral drugs varied in different regions, resistance to two free NNRTIs EFV and NVP was very common at the national level with the worst in Central China. TDR to NFV was common in North (4.0%) and South (4.3%) China, but rare in Central China. Of particular importance is that almost all resistant strains to EFV and NVP showed intermediateand high-level of resistance ( Fig. 5(a) ).
In ART-treated individuals, the proportion of sequences with any SDRM ranged from 5.7% (TDF) to 43.0% (FTC) for NRTI drugs, and from 6.3% (ETR) to 89.2% (NVP) for NNRTI drugs (Fig. 5(b) ). Over 50% resistance strains showed resistance to three NRTI drugs (ABC, FTC and 3TC) and four NNRTI drugs (DOR, EFV, NVP and RPV) in North and South China. Intermediate-and high-level resistance to two NNRTI drugs EFV (88%) and NVP (90%), as well as two NRTI drugs 3TC (48.1%) and FTC (48.7%) was common in the whole country. Resistance to PI drugs was rarely found in ART-treated individuals (0À1.9%). Central China had relatively lower percentage of resistance to NNRTI and NRTI drugs, except for EFV (82.5%) and NVP (87.5%).
We further evaluated the percentages of TDR-and ADR-associated SDRMs to three classes of antiretroviral drugs. The NNRTI resistance was common in both ART-naïve (28.0%) and ART-treated (27.2%) individuals (Fig. 6) . NRTI (17.1% vs. 3.8%) and PI (37.5% vs. 7.0%) resistance was more common in ART-naïve individuals than ART-treated individuals. A significantly higher percentage of NRTI/NNRTI dualclass resistance was observed in ART-treated individuals (62.0%) than ART-naïve individuals (15.7%) (Fig. 6) .
Correlation between SDRMs and virus subtypes
There are 76 (25.9%) subtype B, 151 (51.5%) CRF01_AE, 27 (9.2%) CRF07_BC, and 39 (13.3%) other subtypes in 293 HIV-1 pol sequences with any SDRM in ART-naïve individuals. The SDRM profile was very different in subtype B, CRF01_AE and CRF07_BC sequences (Appendix 20). Four mutations T69D (NRTI), K103N/S (NNRTI), M46I/L (PI) and L90M (PI) showed significantly different percentages in different subtypes (p < 0.05) ( Table 1 ). Low percentages of NRTI and NNRTI mutations, but a very high percentage (47.7%) of PI mutation (M46I/L) occurred in CRF01_AE; in contrast, high percentages of NRTI (M184I/V) and NNRTI (K103N/S and Y181C/I) mutations were observed in subtype B. For CRF07_BC, NNRTI mutations appeared to be more frequent than NRTI and PI mutations.
The vast majority of the M46I/L mutation occurred in CRF01_AE in ART-naïve individuals ( Table 1 ), suggesting that this mutation was likely a consequence of natural polymorphism of HIV-1. To address this issue, we performed phylogenetic analysis using all available sequences with any SDRM. The phylogenetic tree showed that the majority of M46I/L-carrying CRF01_AE strains formed genetic clusters with a few dispersed within the strains without this mutation (Appendix 21), suggesting that most M46I/L-carrying CRF01_AE strains were more likely transmitted rather than generated by natural polymorphism. In contrast, most M46I/L variants in other subtypes were scattered within the strains without this mutation, implying natural polymorphism of HIV-1. Furthermore, very high percentages of M184I/V (26.3%) and K103N/S (39.5%) were found in subtype B strains in ART-naïve individuals (Table 1) , and some of them were scattered within the strains without the mutations, implying natural polymorphism of HIV-1 (Appendix 22). Because the majority of these strains were isolated from Central China where there was a long history of ART, a few of them were not excluded due to undisclosed ART or prior exposures to ART.
Among 158 sequences with any SDRM in ART-treated individuals, 77 (48.7%) belonged to subtype B, 40 (25.3%) CRF01_AE, 15 (9.5%) CRF07_BC, 16 (10.1%) CRF08_BC and 10 (6.3%) other subtypes. The percentages of four mutations K65R (NRTI), M184I/V (NRTI), G190A/S (NNRTI) and M230L (NNRTI) were significantly correlated with subtypes (p < 0.05) ( Table 2) . Subtype B had an obviously different ADR mutation profile from other subtypes (e.g. CRF01_AE, CRF07_BC and CRF08_BC) (Appendix 20). In NRTI mutations, T215I/Y/S/N/F/E had the highest percentage (31.2%) in subtype B, whereas M184I/V had the most predominant percentage (43.8À73.3%) in CRF01_AE and other subtypes (Table 2 and Appendix 20). In NNRTI mutations, K103N/S and G190N/S were the two most common mutations in almost all subtypes (Table 2) . Furthermore, Y181C/I was predominant in B, CRF01_AE and other subtypes, whereas V106aA/M was predominant in CRF07_BC. There was very low percentage of PI mutations in all subtypes in ART-treated individuals.
Discussion
We systemically investigated the overall prevalence of HIV-1 drug resistance in ART-naïve and ART-treated HIV-infected individuals in China, and analyzed the spatio-temporal trend of TDR from 2001 to 2017 by a system review and meta-analysis. Three important observations were presented here. First, TDR and ADR prevalence had region-specific patterns with the worst in Central China. Second, TDR was rapidly rising in China in recent years (typically since 2012), and this rise was mainly driven by NNRTI resistance. Third, two NRTI (M184V/I and K65R), three NNRTI (K103N/S, Y181C/I and G190A/S) and one PI (M46I/L) mutations had higher prevalence than other SDRMs in China. These observations have crucial implications for policy formulation and clinical decision-making for the prevention and control of HIV/AIDS in China. The regional difference in HIV-1 drug resistance was mainly ascribed to various coverage rates and durations of ART since its introduction. China had a complex HIV-1 genetic diversity and experienced a distinct history of HIV-1 epidemic from other countries/regions [25, 26, 28] . Early HIV-1 epidemic occurred mainly among IDUs in southwestern border regions [29] . The virus spread to Central China and other regions of China with different subtypes via different transmission routes [25, 26, 28, 30] . In general, the national spread of HIV-1 was from South to North [25, 26] . Relative to North China, South China had an earlier and higher prevalence of HIV-1; therefore started ART program earlier [31] . Variable coverage rates and durations of ART may cause the difference in prevalence of HIV-1 drug resistance between South and North China and provide an explanation for higher prevalence of ADR in South China than North China.
The national free ART program started from Central China [32] . In the early-mid 1990s, many small unlicensed commercial plasma collection stations were established in rural areas of Central China (especially Henan province), and tens of thousands of plasma donors were paid for blood donation. After removing plasma, pooled red blood cells from blood type-matched donors were re-infused into plasma donors to prevent anemia. The unsanitary practices (e.g. returning of pooled red blood cells from different donors) together with the reuse of contaminated instruments caused thousands of FPDs to be infected by HIV-1 until illegal blood donation (IBD) was banned in 1996 [33, 34] . Besides, many people who received contaminated blood transfusions/blood products were also infected by HIV-1. In late 1990s and early 2000s, the vast majority of HIV-infected FPDs in Central China developed clinical AIDS, which raised huge concern from Chinese government and facilitated the implementation of free ART program for AIDS patients with low-income or living in rural areas. The earliest free ART program was initially piloted in late 2002 in Shangcai County, Henan Province, one of the worst areas affected by illegal blood donation (IBD)-associated HIV-1 infection [16] . The free ART program was rapidly rolled out to all affected areas in Central China after the implementation of the national "Four Frees and One Care" policy in 2003 [5] . Rapid expansion of ART inevitably led to the emergence and transmission of HIV-1 drug resistance. Compared to Central China, South and North China initiated the free ART program later. For example, Yunnan, another worst hit province by HIV/AIDS launched the free ART program in 2004, one to two years later than Henan [35] . Furthermore, Central China had higher ART coverage compared with South and North China [36] . Higher coverage rate and longer duration of access to ART might explain the highest ADR and TDR prevalence in Central China [17, 37, 38] . Another potential explanation is that the majority of ART-treated individuals in Central China live in rural areas, and have relatively lower adherence to treatment, which facilitates the emergence and transmission of HIV-1 drug resistance [39] .
To [42] . Long duration of few antiretroviral drugs resulted in the accumulation of resistance mutations, which drives the rise of ADR, especially in some rural areas of Central China [17, 39] . Furthermore, drugs out of supply and treatment interruptions also contributed to the emergence of ADR [43À45].
As a crucial component, NNRTI drugs are recommended to be used in the first-line ART regimens in the low-income and middle-income countries by WHO in 2016 [46] . EFV and NVP are two widely-used NNRTI drugs in the first-line ART regimens especially in LMICs. It was well demonstrated that a single point mutation can confer HIV-1 resistance to EFV and NVP, and affect the efficacy of ART regimens containing NNRTI [47, 48] . In China, EFV or NVP was used in the first-line ART regimens since 2004, and retained today, in spite of two additional NNRTI drugs were recently introduced into China (as self-paid drugs). Strong selection pressure by long-term use of limited number of NNRTI drugs facilitated the generation and spread of NNRTI-associated drug resistance [49] . High prevalence of NNRTI mutations (e.g. K103N, Y181C/I and G190S/A) conferred high percentages (88À90%) of highand intermediate-level resistance to EFV and NVP in ART-treated individuals across the country. Of particular importance is that a high prevalence of NNRTI resistance to EFV and NVP also appeared in HIV-1 naïve individuals, leading to an increase of NNRTI-associated TDR since 2012. The most serious TDR to EFV and NVP occurred in Central China where they conferred over 50% high-and intermediate-level resistance and contributed to more than 10% NNRTI resistance. The dynamics decrease of TDR in Central China during 2001 to 2007 might be explained by a dramatic decrease of new HIV-1 infections, benefitted from massive scale-up of ART, whereas the sharp rise of TDR after 2012 might be mainly due to primary infection by HIV-1 drug resistant strains from ART-treated individuals [50, 51] .
Another point of concern is the free NRTI drug 3TC, which was listed and used in almost all the first-and second-line ART regimens during the past almost two decades in China. The M184V/I mutation confers a high proportion of high-and intermediate-level resistance to 3TC, as well as FTC (self-paid NRTI drug) [48, 52] , and has a high fitness cost for virus by reducing the replicative capacity of reverse transcriptase (RT) [53] . Although there was still a controversy on whether continued use of 3TC provides actual benefit, some studies demonstrated that maintaining 3TC treatment in the presence of the M184V mutation resulted in a greater risk for virologic failure, compared with switching to other NRTI drugs [54, 55] . The observation of a high percentage of M184V/I in ARTtreated and ART-naïve individuals across the country suggests revision in the treatment regimens. Similarly, another free NRTI drug AZT, which was often used in the first-line ART regimens, also faced an increased resistance by high percentage of mutation T215D/S/C among both ARTtreated and ART-naïve individuals. In particular, the NRTI/NNRTI dualclass resistances accounted for 62.0% of ART-treated individuals with emerging VF. Such a high percentage of NRTI/NNRTI dual-class resistance highlights an urgent need to revise the current ART regimens in China.
Current available antiretroviral drugs in China contain 6 NRTIs, 4 NNRTIs, 3 PIs, 4 integrase inhibitors (INSTIs), one co-receptor antagonist, and one fusion inhibitor, as well as various combination of them. The free drugs contain 4 NRTIs (AZT, 3TC, TDF and ABC), 2 NNRTIs (EFV and NVP) and 1 PI (LPV/r). Five of them are currently used in the first-and second-line ART regimens. HIV-1 drug resistance profile appeared to vary largely in ART-naïve and ART-treated individuals in different regions. Development of region-specific ART regimens based on local SDRM profile may help to reduce drug resistance prevalence and VF rate, and therefore are strongly encouraged [21, 56, 57] . Since 2016, all newly diagnosed HIV-infected individuals are required to receive ART. By October 2019, 829,628 individuals have received ART [6] . The massive scale-up of ART will inevitably increase the threat of TDR to the national AIDS elimination effort. Our results showed that NNRTI-associated TDR had exceeded 10% in Central China since 2015, a warning threshold recommended by WHO to take urgent actions to counter the threat from TDR [58] . New first-line ART regimens without 3TC and/or EFV or NVP are recommended to be developed and used in Central China as a pilot. For other regions, the resistance mutations to 3TC, EFV and NVP should be closely monitored. In particular, drug-resistance testing prior to ART initiation should be performed to guide the first-line ART regimen selection before initiating ART. On the other hand, relative to developed countries, far fewer antiretroviral drugs are available in China. Introduction of more antiretroviral drugs should be considered, and development of new long-acting antiretroviral drugs with independent intellectual property rights should be especially encouraged in China [59] .
Previous studies had showed that HIV-1 subtypes had different TDR resistance characteristics [41] . Here, we found that various subtypes exhibited variable resistance mutation profiles in ART-naïve and ART-treated individuals. Three major subtypes B, CRF01_AE and CRF07_BC had high percentages of several high-level NNRTI resistance mutations regardless of in ART-naïve and ART-treated individuals. Distinct from subtype B that had higher percentage of NRTI mutation M184V/I (26.3% vs. 11.9% and 11.1%) in ART-naïve individuals than in ART-treated individuals, CRF01_AE and CRF07_BC had higher percentage of this mutation (67.5% and 73.3% vs. 19.5%) in ART-treated individuals than in ART-naïve individuals. Furthermore, high percentage of PI mutation M46I/L (2.4%) was observed in CRF01_AE strains in ART-naïve individuals, which was substantially higher than those (0.6À1.7%) observed in the surrounding countries (e.g. Thailand and Vietnam) [60, 61] . M46I/L is a major mutation conferring resistance to PIs individually or together with other mutations [62, 63] . Although natural polymorphism of M46I was reported in multiple HIV-1 subtypes (especially subtypes F and G) in ART-naïve individuals, such high percentage of this mutation in CRF01_AE strains in Chinese ART-naïve individuals was less likely a consequence of natural polymorphisms of the virus. This hypothesis was supported by the phylogenetic analysis that showed that most M46I/ L-carrying CRF01_AE strains formed genetic clusters. Currently, China is experiencing a sharp transition of HIV-1 molecular epidemiology with a rapidly increasing prevalence of CRF01_AE and CRF07_BC, accompanied with a sharply decreasing trend of subtype B among all high-risk groups (especially sexual contact population, such as men who have sex with men (MSM)) [64À67]. On-going monitoring of HIV-1 drug resistance in predominant HIV-1 subtypes (e.g. CRF01_AE and CRF07_BC) will benefit the treatment of individuals involved. With respect to high prevalence of M184V/I in subtype B in ARTnaïve individuals, the reasons are possibly related to acquisition of this mutation from patients failing treatment with resistant strains, prior exposures to ART, or undisclosed ART [56,68À71] .
On-going effort by China during the past two decades have made great stride towards achieving the UNAIDS "90À90À90" targets by 2020. However, accompanied with increased use of ART, a rising prevalence of HIV-1 drug resistance at the national level poses a significant challenge to the third 90% goal and the elimination of AIDS epidemic from the population by 2030. The VF rate remained at about 10% in patients receiving over 12 months of the first-line ART treatment [39, 72, 73] . In addition to drug resistance, treatment interruptions and low adherence to ART regimens are two other important factors interfering with the success of ART. Treatment interruptions are almost invariably associated with a rebound of plasma HIV-1 RNA levels and facilitate the emergence of drug resistance mutations (especially for M184V) [74, 75] . In particular, treatment interruptions more than 48 h were demonstrated to be associated with an increased risk of the emergence of drug resistance [76] . In China, the ART adherence rate was estimated to be about 76.6% [77] , and the patients living in rural areas have relatively lower adherence than those living in urban areas [78] . Furthermore, MSM have become the most predominant risk group for HIV-1 infection [79, 80] . Although the vast majority of MSM live in urban areas [67] , the high-mobility feature of MSM population might affect their adherence to therapy, which may facilitate the emergence and transmission of drug resistance. To improve the adherence rate to treatment, a pre-treatment education on the relationship between ART effectiveness and adherence should be especially encouraged for all HIV-1 infected individuals, especially for MSM and patients living in rural areas [81] . On the other hand, easy and flexible access to ART (e.g. one-pill-aday formulated single tablet regimens and/or long-acting antiretroviral drugs), harmonious doctor-patient relationship, reduced drug sideeffect, and humanized multidisciplinary care may help to improve adherence of all patients and reduce drug resistance rate [82] .
VF is often associated with emerging drug resistance. Timely measurement of VL are crucial for evaluating treatment outcomes and monitoring VF. Although the routine detection of VL is required for national HIV-1 treatment programmes, low frequency of this assay once per year is not enough to timely monitor VF or rebound of VL and then further to identify SDRMs via drug resistance testings [83] . Therefore, three to four times of VL assays per year are encouraged [42] . For most regions, especially the rural areas, the biggest barrier to VL was the high cost of the assay and the lack of sophisticated laboratories and experienced professionals. Given the complex of HIV-1 genetic diversity and specific SDRM profile in China, cheaper domestic alternatives for VL assay should be developed.
Our study has several limitations. First, all data used in the analysis were retrieved from literatures, rather than from the raw data from Chinese Center for Disease Control and Prevention; so there may have a small bias in data selection. Because most studies in Chinese did not deposit their sequences in GenBank, HIV database or other public databases, the sequence size for resistance mutation analysis was relatively small (especially for subtypes of CRF07_BC and CRF08_BC). Second, only limited studies involving ART-treated individuals had available information on duration times of ART, therefore limiting the relationship analysis between ADR rate and ART duration. Third, we did not analyze the correlation of drug resistance with transmission routes and demographic characteristics since these information were also not always available in most studies.
In summary, this is the largest meta-analysis of Chinese data on HIV-1 drug resistance that presents the overall prevalence of drug resistance and national trend of TDR in China from 2001 to 2017. The finding that a few NRTI-associated (M184V/I) and NNRTI-associated (K103N/S, Y181C/I and G190A/S) SDRMs were responsible for most cases of acquired and transmitted drug resistance suggests that the current available first-line ART regimens containing to 3TC and/or EFV or NVP should be urgently amended, or promptly switched to the second-line regimens if individuals who are identified as carrying these mutations. The rising trend of TDR in recent years highlights the importance of routine drug resistance screening prior to ART initiation, especially in the region with the highest prevalence of TDR such as Central China. In view of these findings, scaleup of multiple VL measurements per year, optimized ART regimens, and implementation of effective strategies such as early counseling and pretreatment education to improve patient adherence to ART will benefit China to eliminate AIDS epidemic by 2030.
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